ABSTRACT This paper presents a feasibility study of the uplink visible light communication (VLC) beacon system for the universal traffic management system (UTMS). The UTMS is a traffic management system beneath the National Police Agency of Japan. Currently, 55 000 UTMS infrared beacon systems have been installed, and they provide expressway and ordinary road information to cars. However, the data rate is 1 Mbps, and a faster data rate is necessary to support automotive and smart mobility devices. In this paper, we propose an uplink V2I system for the UTMS. The system is designed to match the current beacon system as closely as possible, so that the system can easily be replaced and still provide sufficient bandwidth for future automotive and smart mobility devices. We adopt a photo diode (PD) as the VLC receiver and a commercially available off-the-shelf LED headlight as a transmitter. Unfortunately, the bandwidth of such an LED is usually small, so we consider applying a bit-loading algorithm to direct-current-biased optical orthogonal frequency division multiplexing. To reduce strong background noise, such as from the sun, we narrow down the field-of-view by applying a lens to the PD, which forms a tiny communication area, smaller than the current infrared beacon system. We then consider multiple PDs with the lens to create a similar communication area as the infrared beacon system. As a result, we achieve 3.1-Mbps throughput.
I. INTRODUCTION
Fifth-generation (5G) wireless systems are expected to provide higher capacity than current 4G systems. 5G supports a larger number of mobile broadband users, for bigger machines and device-to-device communication [1] . Three merging technologies primarily support 5G: ultradensification, millimeter wave (mmWave), and massive multiple-input multiple-output (MIMO) [2] . In addition, the concept of network slicing is expected to improve the operation of communication networks. Demand for 5G comes from big vertical industry sectors, such as automotive, factory, health, energy, and media & entertainment. 5G's requirements are low latency (below 5 ms), high reliability and density (up to 100 devices/m 2 ), and with tight geographic constraints on territory and population coverage [3] .
For automotive and smart mobility use, 5G reduces fatal accidents and lessens traffic congestion when used in the cooperative automatic driving. In this scenario, sensed data is exchanged in real time between hundreds of cars and roadside units connected in the same area by vehicle-tovehicle (V2V) and infrastructure-to-vehicle (I2V) communications [4] . Mobile edge computing (MEC) and local dynamic maps (LDMs) are key technologies for advanced driver assistance systems and complete autonomous cars [3] - [6] .
MEC is a network architecture concept, whose computing capabilities and service environment run at the edge of a cellular network [3] - [5] . Therefore, locally processed data can be delivered at minimum latency to users, and MEC minimizes congestion in other parts of the network. Such data are usually highly dynamic and require low latency, but the processing load may be low. A good set of metrics for such data is current speed, position, and direction of all vehicles, pedestrians, and bicycles within range of the MEC server.
The introduction of MEC suggests some data sets categorized by functionality. LDM aggregates data for cooperative ITS (intelligent transport system), using standards of the ETSI (European Telecommunications Standards Institute) [6] . The International Organization for Standardization (ISO) (ISO 14296: 2016) extends existing specifications for map databases to provide greater support for applications and application developments of cooperative ITS that may use an LDM [7] . FIGURE 1. A local dynamic map (LDM) for cooperative ITS, using 5G technology for automotive and smart mobility units. LDM describes real-world objects in four different layers, ranging from permanent static data (Type 1) to highly dynamic data (Type 4).
As shown in Figure 1 , an LDM adopts a four-layer model [8] . Highly dynamic data is on the top layer, where the MEC server can process data and exchange it directly between nearby cars. Relative dynamic data, such as traffic congestion, road conditions, and the phase of traffic signals, is on the third layer. The relatively static second layer data is comprised of traffic signs and landmarks. Finally, truly static data, such as a map, is placed at the bottom layer.
Needless to say, the essential data is the current location of vehicles, bicycles, and pedestrians, which exists on the top layer of an LDM. The position derived solely from GPS does not provide enough accuracy. Therefore, LIDAR (light detection and ranging) and cameras are usually used. These vision sensors provide eyesİ for autonomous cars. However, the position obtained by those sensors is relative, and an LDM needs reference locations on the street. Visible light communication (VLC) can contribute to LDMs by sending an ID or exact location data (latitude and longitude) of an anchor placed on a road, sidewalk, or landmark [9] - [11] . LED light sources are everywhere on streets: in signs, traffic lights, street lights, and other stationary objects. All these LEDs can be used as reference locations for LDMs. In other words, cooperative autonomous cars can use all of those ubiquitous light sources, which are IoT (internet of things) terminals. It is worth mentioning that the VLC ID was standardized by the IEC (International Electrotechnical Commission) and was named the Visible Light Beacon System for Multimedia Applications (IEC 62943: 2017) on March 07, 2017 [12] .
Another attractive feature of VLC is that since visible light is far above the mmWave spectrum of 5G, VLC signals do not interfere with any radio systems [13] . A great harmonized solution to 5G and beyond as both VLC and 5G can coexist. In fact, the RF band is insufficient if we look into the future demand for spectrum. By 2024, 80 million devices will be connected to the Internet, and a so-called spectrum crunch will occur [14] , [15] . Using visible light is a natural continuation of the trend to move to higher frequencies in the electromagnetic spectrum.
The authors have been working on a VLC application for automobiles; Our main focus is on VLC usage for outdoor, mobile use. We have studied image sensor communications that use a high-speed camera as a VLC receiver [16] - [23] . Because spatial separation of image sensors enable us to discard strong sources of noise (such as the sun) and multiple, simultaneous receptions of VLC signals, we decided that a high-speed camera is the best onboard device for an automobile. We also note that tracking a light source is simple for a high-speed camera. Cameras are already equipped in cars and are key sensing devices for autonomous and connected cars. Image sensor communications can easily integrate VLC signal reception and estimate geographic position.
A challenge for image sensor communications is that the data rate is limited by frame rate and is notably slower than the commonly adopted photo diode (PD) in indoor VLC and LiFi [24] , [25] . We propose solving the issue by employing an OCI (optical communication image sensor) [26] , [27] , achieving a 55 Mbps transmission that is faster than the IEEE 802.11p automotive data communication standard, based on radio frequencies [18] . In short, for V2V and downlink I2V communications, a 55 Mbps transmission is possible. However, uplink vehicle-to-infrastructure (V2I) communication has not been investigated well.
In this paper, we propose an uplink V2I system for automotive use. We design the system while referring to the current UTMS (Universal Traffic Management System) infrared beacon deployed along urban streets (see Figure 3 ) [28] . The UTMS is a traffic management system beneath the National Police Agency of Japan that has an infrared beacon providing expressway and ordinary road information, such as traffic congestion, expected travel time, regulations, parking lot information, and place-to-place travel time [29] . As of March, 2014, 55,000 beacons have been put into operation. The system can detect vehicles traveling up to 120 km/h, with a data rate of 256 kbps and 1 Mbps, respectively, for the uplink and the downlink. [28] . The navigation equipment receives the infrared signal about driving directions within 3.5 m from each beacon. The system can detect vehicles traveling up to 120 km/h, with a data rate of 256 kbps and 1 Mbps, respectively, for the uplink and the downlink.
We follow the system configuration of the current infrared beacon system to reduce the replacement cost. Specifically, we have maintained the transmitter height and the spot communication area at a value similar to that of the current beacon system. Additionally, we adopt a PD as the VLC receiver and a commercially available off-the-shelf LED headlight as a transmitter, which forms the best combination of front-end devices for VLC considering the cost.
Two issues need to be solved. One is the adaptation of a PD. We need to narrow down the field-of-view (FOV) to avoid background noise. A narrow FOV, which reduces the communication area, is smaller than current infrared beacon systems. The other issue is the smaller bandwidth of off-theshelf LED headlights. This paper resolves these issues. For the narrow FOV, we adopt multiple spot areas to form the communication area and a selection receiver to cope with the spot areas. For the smaller bandwidth of off-the-shelf LED headlights, we adopt direct-current-biased optical orthogonal frequency division multiplexing (DCO-OFDM) and bit loading to enhance the data rate for a given bandwidth. As we describe in detail, we achieve a 3.1 Mbps data rate for our proposed VLC beacon system. The data rate is faster than the current infrared beacon system. Note that if we can adopt an LED headlight with more bandwidth, then we can easily improve the data rate using the method shown in this paper.
This paper is organized as follows: Section II presents the proposed VLC beacon system for UTMS (both uplink and downlink configurations are briefly explained). The system model of the uplink VLC beacon system is detailed in Section III. Section IV presents preliminary experiments and discusses the feasibility of a VLC beacon system using offthe-shelf LED headlights. Section V shows throughput measurements for driving conditions and provides a conclusion. Figure 4 shows the basic concept of I2V-VLC. As stated previously, we refer to the system structure of the infrared beacon system deployed in Japan ( Figure 3 ) [28] . We further increase the data rate so that the system can handle LDM data and other safety information required for cooperative ITS.
II. VLC BEACON SYSTEM FOR UTMS
For the uplink, we use an LED headlight as a transmitter and multiple PD with a lens as a roadside receiver. For the downlink, we transmit a signal from an LED on a roadside unit and receive the signal using an OCI receiver on a vehicle. A. UPLINK Figure 5 illustrates the proposed uplink VLC beacon system. We assume an ordinary road with heavy traffic, whose road width in one direction is approximately 3.5 meters. The beacon is placed in the center of the road, five meters above the ground. The communication area is two meters long and 3.5 meters wide, and the area is placed 25 meters away, directly under the beacon. We select an off-the-shelf LED headlight for the transmitter and a widely deployed DCO-OFDM scheme for modulation [30] . The detailed system model will be presented in the next section.
For the receiving device, we select a PD. Regarding the current infrared beacon system, the PD is heading down, facing one direction of the road, to prevent substantial optical interference, such as from the sun. We further apply a lens to narrow the FOV and to increase the SNR (signal to noise ratio) and reduce interference. As a result, the FOV is much smaller than with an infrared beacon system. We then expand the FOV of a single PD by adopting multiple PDs. Each PD forms a tiny communication area, the sum of which creates a spot service area.
B. DOWNLINK
For the downlink, we select an LED as a transmitter and an OCI for the onboard reception device. Again, we adopt a DCO-OFDM as the modulation scheme. We utilize the same system as described in [18] . Please refer to [18] for a detailed configuration of the downlink system.
III. SYSTEM MODEL OF THE UPLINK VLC BEACON SYSTEM
A. TRANSMITTER Figure 6 shows the transmitter block diagram of the uplink VLC beacon system. The information bits are first encoded by forward error correction (FEC) techniques. We adopt a convolution code. Encoded bits are interleaved and serial to parallel (S/P) converted. A block of complex symbols is drawn from multilevel quadrature amplitude modulation (M-QAM) and assigned to each subcarrier component, resulting in a block of data symbols denoted by
where N is the number of subcarriers and X satisfies
where the asterisk denotes complex conjugation and the DC components X 0 and X N /2 are set to zero (i.e., X 0 = X N /2 = 0). Note that the number of unique data-carrying subcarriers is (N /2) − 1. Because of the structure of X, the output signal x of the inverse fast Fourier transform (IFFT) is real and not complex. The real signal is boosted by a cyclic prefix (CP) and converted from parallel to serial (P/S). Following digital to analog (D/A) conversion and low-pass filtering, the resulting time-domain signal x(t) is generated. The signal x(t) is bipolar, and it needs to be converted to unipolar to modulate the intensity of an LED.
For the bipolar-unipolar conversion process, we add a so-called moderate bias and clip the remaining negative components. Let B DC be the DC bias level, set relative to the standard deviation of x(t):
where µ is a proportionality constant. Any negative component that remains after the addition of B DC is clipped at zero. Upper peaks at 2B DC are also clipped to eliminate overly large signal components, resulting in the signal x DCO (t).
In other words, x DCO (t) satisfies
B. RECEIVER Figure 7 shows the receiver block diagram of the uplink VLC beacon system. The receiver consists of multiple PDs associated with a lens, each forming a tiny communications area. Each PD is connected to an AD converter and a synchronization unit. The synchronization unit correlates the output of the AD converted signal with a training sequence and performs a frame synchronization. A selector then selects a correlator output with the highest signal power.
A selected signal is S/P converted, and the CP is removed. The signal is then fed into fast Fourier transform (FFT) to generate signals in the frequency domain. We adopt a simple, zero-forcing (ZF) equalization.
Let the channel transfer function be H (f ) and the received signal after FFT be Y. Then, the n-th component or n-th subcarrier component will be denoted as
where f n is the n-th subcarrier frequency and Z n is the noise component. If we write an estimated channel transfer function asH (f ), then the ZF equalized received signalŶ is given aŝ
Finally, we demodulate each subcarrier signal and perform forward error decoding to retrieve the transmitted signal.
IV. PRELIMINARY EXPERIMENTS
The purpose of the preliminary experiments is to confirm the feasibility of a VLC beacon system using an off-theshelf LED headlight. We measured the LED headlight from different points of view: (a) illuminating the LED headlight, in low beam, five meters above the ground, (b) linearity of the LED headlight, and finally, (c) LED headlight bandwidth measurement. Figure 8 shows the experimental setup. The off-the-shelf LED headlight used for the transmitter is shown in Figure 9a , and the PD receiver with the lens is shown in Figure 9b . 
A. ILLUMINATING THE LED HEADLIGHT AT FIVE METERS ABOVE THE GROUND IN LOW BEAM POSITION
We first measured the illumination of the off-the-shelf LED headlight from the communications area, 25 meters away and five meters above the ground. We set the LED headlight to a low beam position, heading down the road. In such a case, we might not get enough illuminance. Fortunately, the result was satisfactory, and the measured illuminance was 34 lux. Figure 10 shows the measured relationships between (a) forward current and optical power, and (b) forward voltage and forward current of the LED headlight used in the experiment. As confirmed in Figure 10a , the dynamic range of the LED is from 0.0 A to 2.9 A. If we maximize the DCO-OFDM signal power, then we need to set the turn-on voltage at 2.4 V, as shown in Figure 10b . Since the maximum forward current is 2.9 A, which corresponds to the forward voltage of 5.0 V, the signal voltage of the DCO-OFDM will be 2.6 V. 
B. LINEARITY OF THE LED HEADLIGHT

C. LED HEADLIGHT BANDWIDTH MEASUREMENT
Finally, we measure the bandwidth of the LED headlight. To do so, we measure the SNR of DCO-OFDM, whose respective signal bandwidths are 2 MHz and 4 MHz. The parameters of the DCO-OFDM are summarized in Table 1 , and the experimental setup is the same as earlier.
For the receiver, we adopt an APD (avalanche photodiode) module with a lens (Figure 9b ), whose diameter is 60 mm and whose focal length is 80 mm. The FOV of this APD and the lens is approximately one degree in both vertical and horizontal directions, forming a tiny communications area.
The APD is set at the height of five meters, and the VLC signal is transmitted from 25 meters away. We set the LED headlight, mounted on a vehicle, at the far end and also at the closest end of the communications area. We measured the SNR from the concept of error vector magnitude (EVM), which is a measurement of errors between the ideal symbols and measured symbols normalized by the magnitude of the ideal symbol [31] . There are 52 data carriers, and a QPSK modulation is used with the proportionality constant µ = 3. The SNR is averaged for 3,000 symbols. Figure 11 shows the results of the SNR measurement. The horizontal axis is the subcarrier number and the vertical axis is the SNR of the subcarrier. The results show that the frequency response continuously declines as the frequency increases. This is a natural property of an LED, and the wider bandwidth is preferable for fast signal transmission. From the figure, we confirmed that the estimated SNR of the 52nd subcarrier is 15 dB for a 2 MHz bandwidth signal. The loss in higher frequency components reaches 10 dB. For a 4 MHz bandwidth signal, the SNR is 8 dB and the loss in higher frequency components reaches 17 dB. These results indicate that it would be difficult to increase signal bandwidth to achieve higher data rates; therefore, appropriate bandwidth is important to obtain the desired communications performance.
D. SNR AT THE FARTHEST AND NEAREST COMMUNICATIONS AREA: PRELIMINARY MEASUREMENT FOR APPLYING A BIT-LOADING TECHNIQUE
Results shown in Figure 11 suggest that adopting a bitloading technique is preferable for increasing data rates. Bit loading is a technique that allocates bits to subcarriers to minimize the average bit error rate (BER), thereby guaranteeing the target bit rate, or equivalently, the target number of bits per OFDM symbol. Bit-loading algorithms optimize not only bit assignments to subcarriers but also power allocation.
One concern with applying bit loading to VLC beacon systems is that the transmitter LED moves, thereby varying the received SNR. Fortunately, the communications area of the VLC beacon system is small and the SNR may be stable within the communications area. To confirm the bit-loading application, we carried out an experiment to measure the SNR at the far and near ends of the communications area. Figure 12 shows the measured SNR at both ends of the communications area. The experimental setup is the same as shown in Figure 8 . The parameters of the DCO-OFDM also are the same, and we used 2 MHz bandwidth signal. As expected, the SNR at the near end of the communications area is slightly better than at the far end. The SNR difference reaches at most 3 dB for 32 carriers. However, we believe that this is a small difference, so it is possible to adapt bit loading to the VLC beacon system. VOLUME 5, 2017
V. THROUGHPUT MEASUREMENT FOR DRIVING CONDITIONS A. EXPERIMENTAL SETUP
To evaluate the performance of the VLC beacon system discussed in the previous section, we conducted data transmission experiments. Figure 13 shows the experimental setup, which is the same as in the previous section. The parameters are summarized in Table 2 .
The experiment was carried out during a sunny day at the Nagoya university campus. We drove the vehicle at 20 km/h and transmitted a DCO-OFDM signal from the LED headlight, as shown in Figure 9a . The receiver consisted of three PDs, with lenses whose FOV is one degree, forming a tiny communications area, as shown in Figure 13 . The communications area is 2.1 meters wide horizontally and 2.3 meters long in the car's driving direction. We used a digital oscilloscope to capture the received signal and performed the demodulation offline using Matlab/Simulink software. Table 3 summarizes the parameters of the DCO-OFDM and the FEC coding. As described in IVb, we set the signal amplitude to 2.6 V, accordingly. The signal bandwidth is 2 MHz and the number of FFT/IFFT points and CP points are 128 and 8, respectively. The number of data subcarriers is 52.
We calculate each subcarrier modulation based on the bitloading algorithms [18] , [32] . We use the target SNR to perform the bit-loading algorithm obtained from the SNR shown in IVd. Figure 14 shows the result of the bit loading for a data rate set at 2.7 Mbps. Note that since we use a rate 1/3 Turbo code, we set the target uncoded data rate to 8.1 Mbps.
The packet format is shown in Figure 15 . The training sequence length is four and the data symbol length is 30. The packet interval for one packet is 0.96 ms.
B. THROUGHPUT MEASUREMENT
To evaluate the performance of the VLC beacon system, data transmission experiments are conducted. We measure the packet success rate for a given data rate. The packet success rate is calculated as the number of successfully received packets over the number of packets sent to the vehicle in the communications area. If all packets are successfully received, the number of packets in our case is 200. A packet is in error if the packet contains a bit or more errors. Table 4 shows the results of throughput measurements on driving conditions. From this Table, we confirm that we can achieve at most a throughput of 3.1 Mbps. This is 12 times faster than the current infrared beacon system, whose data rate is 256 bps (uplink).
VI. CONCLUSION
In this paper, we presented a feasibility study of the uplink VLC beacon system for UTMS. We designed the system to meet the current beacon system as closely as possible and still provide demand for future automotive and smart mobility devices. We adopted a commercially available off-the-shelf LED headlight as a transmitter and multiple PD with a lens as a receiver. We found that multiple PDs with a lens are effective for both the formation of a small communications area and for the application of a bit-loading algorithm to further enhance the data rate. Our results achieved 3.1 Mbps throughput. Adding bandwidth to the LED headlight allowed us to easily improve the data rate by incorporating the methods shown in this paper, using VLC signal transmission, and taking full advantage of the DCO-OFDM and bit-loading algorithm for a given LED bandwidth. 
